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Abstract: Amiprophos-methyl (APM) and colchicine (COL) are therapeutic agents and are also used in plant science. Cell cycle
synchronization (CCS) is mediated by hydroxyurea (HU) and APM. The genotoxic effects of APM are unclear. In order to assess the
genotoxicity of APM separately and with HU and then compare it with COL, we treated 2-day-old barley (Hordeum vulgare ‘Bornova-92’)
seedlings with 8 µM APM for 2 h, 1.25 mM COL for 18 h, or 1.25 mM HU for 18 h and 4 µM APM for 2 h, with a final ice-cold water
incubation. Following treatment, seedlings were recovered without any substance for 2 days. Genomic DNA samples were analyzed by
random amplified polymorphic DNA, inter-simple sequence repeat, and inter-retrotransposon amplified polymorphisms. Polypeptide
profiles were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Mean genomic stability (GTS) values at the end
of APM, COL, and CCS treatments were 83.6%, 83%, and 82.3%, respectively. Mean GTS values after recovery from APM, COL,
and CCS treatments were 78.5%, 83.9%, and 78.7%, respectively. APM treatment resulted in altered polypeptide profiles during both
treatment and recovery. The genotoxicity of APM and COL was similar, while the genotoxic effects of APM continued after removal.
Only COL treatment caused retrotransposon activation. APM treatment caused appearance of new polypeptides, which continued after
the removal of APM. Although the microtubule inhibitory effect of APM has been reported to be reversible, APM may cause genotoxic
effects on plants, and the molecular effects of APM may not be reversible.
Key words: Amiprophos-methyl, colchicine, hydroxyurea, cell cycle synchronization, genotoxicity, Hordeum vulgare L.

1. Introduction
Tubulin is a known anticancer and antiparasitic drug
target (Werbovetz, 2002). In addition to its role in cell
division, tubulin has vital importance in the movement of
trypanosomes (Lama et al., 2012). Microtubule inhibitors
inhibit microtubule assembly and are effective agents
against parasite development (Fennell et al., 2003). They are
used to arrest cells at metaphase and to induce polyploidy
in plants (Dhooghe et al., 2011). Some microtubule
inhibitors are toxic to mammalian cells (Bell, 1998).
Dinitroaniline herbicides, such as trifluralin and oryzalin,
have selective toxicity for malarial parasites (Fennell et
al., 2006). Phosphorothioamidate herbicides, such as
amiprophos-methyl (APM), bind to the same site(s) on
tubulin as dinitroanilines (Morejohn and Fosket, 1991).
APM is a rapid, reversible antimicrotubule agent for plant
cell cultures (Falconer and Seagull, 1987) and shows high
affinity for plant tubulin (Hansen et al., 1998). Colchicine
(COL), the best known antimitotic agent, is used to obtain
polyploidy in several plant species (Dutt et al., 2010; Zhang
et al., 2010) and for the treatment of several diseases such as
gout, Behçet’s disease, and familial Mediterranean fever in
humans (Sapra et al., 2012). Due to its low affinity for plant
* Correspondence: atemel@istanbul.edu.tr

tubulin, a high concentration of COL is required for use in
plants (Dhooghe et al., 2011). The toxic effects of COL were
shown in both animals (Morejohn et al., 1984) and plants
(Rubuluza et al., 2007). COL is a positive control aneugen
(inducer of aneuploidy) in genotoxicity studies of mammals
(Attia et al., 2003). Therefore, antimitotic herbicides, e.g.,
oryzalin, trifluralin, and APM, are regarded as colchicine
alternatives (Hantzschel and Weber, 2010). Cells can be
synchronized (“cell cycle synchronization”, CCS) artificially
with hydroxyurea (HU) along with an antimicrotubule agent
to obtain cells at a single stage of cell cycle, e.g., metaphase
(Dolezel et al., 1999). The mutagenic nature of COL is
known (Harpstead et al., 1954; Gilbert and Patterson, 1965;
Francis and Jones, 1989). Analyses of COL-treated plants
with molecular markers revealed genetic variations (Rauf
et al., 2006; Khosravi et al., 2009; Liu et al., 2009), yet there
are no reports on the genotoxic effects of APM and CCS.
Molecular markers, such as random amplified polymorphic
DNA (RAPD), inter-simple sequence repeat (ISSR), and
inter-retrotransposon amplified polymorphism (IRAP) are
used for the determination of genotoxicity (Erturk et al.,
2012; Sukumaran and Grant, 2013; Hamat-Mecbur et al.,
2014).
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This study aims to show the genotoxic effects of APM
and COL, which are used not only in plant science but also
in human health. Two-day-old seedlings were subjected to
APM and COL treatments and to APM and HU together
to study CCS and genotoxic effects on both treated and
recovered seedlings. They were assessed using RAPD,
ISSR, IRAP, and sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE).
2. Materials and methods
2.1. Plant material
Barley (Hordeum vulgare ‘Bornova-92’) seeds were
provided by the Aegean Agricultural Research Institute.
2.2. Experimental design
Twenty-five seeds were germinated for 48 h in a petri
dish (10 cm in diameter) between 2 sheets of filter paper
moistened with 10 mL of distilled water. Seedlings were
transferred to a new petri dish (6 cm in diameter) between
2 sheets of filter paper with 5 mL of solution. For APM
treatment, seedlings were kept in 8 µM (2.4 mg/L) APM
at room temperature (RT) for 2 h. APM at 8 µM was
more effective for metaphase arrest than at 4 µM (data
not shown). For colchicine treatment, seedlings were kept
in 1.25 mM (0.5 g/L) COL at RT for 18 h. According to
prior literature, 1.25 mM colchicine treatment for 24–72 h
results in successful polyploidization (Suzuki et al., 2005;
Henny et al., 2009). For CCS (Pan et al., 1993), seedlings
were kept in 1.25 mM (95 mg/L) HU for 18 h, and, after

APM 8 µM
CONTROL
(CA)

MÖ
TREATMENT
(A) 2 H

(C) 18 H

SYNCHRONIZATION

MÖ

CONTROL
(CS)

HU (1.25 mM) 18 H
DW 5 H

(S)

APM (4 µM) 2 H

RECOVERY
(AC)

IRAP

GENOMIC TEMPLATE STABILITY
Figure 1. Graphical presentation of treatments and groups.
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2.4. Genomic DNA isolation
Genomic DNA (gDNA) was isolated from seedlings
in triplicates according to Tchorbadjieva and Pantchev
(2004). Extractions were performed gently by using
wide-bore pipette tips to prevent the shearing of DNA.
Integrity of gDNA samples was checked with agarose gel
electrophoresis. Quantification of gDNA samples was
performed with a UV spectrophotometer (NanoDrop,
Techne). gDNA samples were bulked and diluted into 10
ng/µL with molecular biology grade water (Thermo).

MÖTREATMENT

CONTROL
(CC)

DNA EXTRACTION

ISSR

2.3. Preparations of solutions
We dissolved 25 mg of COL (C3915, Sigma) in 1 mL of
distilled water to give a 2.5% w/v (62.5 mM) stock solution
and kept it at –20 °C. We dissolved 6.08 mg of APM (03992,
Fluka) in 1 mL of DMSO to give a 20 mM stock solution
and kept it at –20 °C. Finally, we dissolved 7.6 mg of HU
(H8627, Sigma) in 1 mL of DMSO to give a 100 mM stock
solution and kept it at –20 °C.

COLCHICINE 1.25 mM

RECOVERY
(AA)

RAPD

rinsing with distilled water, were incubated on wet filter
paper for 5 h prior to transfer to 4 µM (1.2 mg/L) APM
for 2 h. Seeds were then rinsed with distilled water and
incubated in ice-cold water for 24 h in a refrigerator (4
°C). At the end of the treatment, half the seedlings were
transferred to a new petri dish to grow between 2 sheets
of filter paper with 5 mL of distilled water (without test
substance) for recovery (Figure 1). The remaining half of
the samples were quick-frozen in liquid nitrogen and kept
at –70 °C until further use.

RECOVERY
(AS)

PROTEIN EXTRACTION

SDS -PAGE
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2.5. Polymerase chain reaction (PCR)
Eight random 10-mer primers and eight 15–18-mer
primers were used for RAPD and ISSR analyses, respectively
(Fernandez et al., 2002). Four primer combinations (Saeidi
et al., 2008), designated with 5 LTR-primers for BARE-1,
Nikita, and Sukkula elements, were used for IRAP analysis.
Primer sequences are given in Table 1. All PCR reactions
were performed in a programmable thermal cycler (T100,
Bio-Rad) in 10-µL reaction mixtures along with a notemplate control (containing all PCR reagents except
template). The RAPD-PCR mix consisted of 1X buffer (50
mM Tris-HCl [pH 9.0 at 25 °C], 15 mM (NH4)2SO4, and
0.1% Triton X-100), 2.5 mM MgCl2, 0.2 mM of each dNTP,
2 µM (20 pmol) primer, 5 ng of template DNA, and 0.5
U of Taq polymerase (DyNAzyme EXT DNA Polymerase,
F-505S, Finnzymes). Amplifications started with an initial
denaturation at 94 °C for 5 min, followed by 40 cycles of
60 s at 94 °C, 60 s at 50 °C, and 90 s at 72 °C, with a final
extension at 72 °C for 10 min. Amplification products were
resolved on 1.8% agarose (TopVision Agarose, Thermo)
gels in 1X TAE buffer at 70 V. ISSR-PCR mix consisted of
1X buffer, 1.5 mM MgCl2, 0.2 mM of each dNTP, 1 µM (10
pmol) primer, 5 ng of template DNA, and 0.25 U of Taq
polymerase (F-505S, Finnzymes). Amplifications started

with an initial denaturation at 94 °C for 5 min, followed by
40 cycles of 30 s at 94 °C, 45 s at 50 °C, and 2 min s at 72
°C, with a final extension at 72 °C for 5 min. Amplification
products were resolved on 2% agarose gels. IRAP-PCR
mix consisted of 1X buffer, 2 mM MgCl2, 0.2 mM of each
dNTP, 0.5 µM (5 pmol) of each primer, 10 ng of template
DNA, and 0.5 U of Taq polymerase (F-505S, Finnzymes).
Amplifications started with an initial denaturation at 95
°C for 3 min, followed by 30 cycles of 60 s at 94 °C, 30 s at
specific annealing temperature (0.5 °C/s), and 2 min (+3s/
cycle) at 72 °C, with a final extension at 72 °C for 10 min.
Amplification products were resolved on 3% agarose gels.
Band sizes were determined by comparison with a 100-bp
plus or 1-kb DNA ladder (Fermentas).
2.6. Protein extraction and SDS-PAGE
Plant samples were crushed with liquid nitrogen in a
porcelain mortar with a pestle. The powdered material was
transferred into a centrifuge tube; it was then mixed with
5 mL of extraction buffer (56 mM Na2CO3, 56 mM DTT,
2% SDS, 12% sucrose, 2 mM EDTA) per gram of plant
sample and incubated at 70 °C for 15 min (Puigderrajols
et al., 2002). After centrifugation at 15,000 × g and 4 °C
for 10 min, supernatants were transferred into new tubes.
Protein concentrations were determined by the Bradford

Table 1. Primer sequences (Y = C or T nucleotides).
Name

Marker

Sequence

S1

RAPD

CTACTGCGCT

S5

RAPD

TTTGGGGCCT

S7

RAPD

TCCGATGCTG

S9

RAPD

TCCTGGTCCC

S10

RAPD

ACCGTTCCAG

S11

RAPD

AGTCGGGTGG

S13

RAPD

GTCGTTCCTG

S19

RAPD

GAGTCAGCAG

809

ISSR

(AG)8G

810

ISSR

(GA)8T

811

ISSR

(GA)8C

826

ISSR

(AC)8C

827

ISSR

(AC)8G

835

ISSR

(AG)8YC

841

ISSR

(GA)8YC

881

ISSR

GGG(TGGGG)2TG

5’LTR2

IRAP

ATCATTGCCTCTAGGGCATAATTC

6149

IRAP

CTCGCTCGCCCACTACATCAACCGCGTTTATT

6150

IRAP

CTGGTTCGGCCCATGTCTATGTATCCACACATGGTA

Nik

IRAP

CGCATTTGTTCAAGCCTAAACC

Suk

IRAP

GATAGGGTCGCATCTTGGGCGTGAC
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method (1976). Aliquots of supernatants were mixed with
equal volumes of 2X SDS loading buffer (125 mM Tris, pH
6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and
0.2% bromophenol blue) and denatured at 95 °C for 5 min.
Approximately 30 µg of total proteins were separated by
SDS-PAGE, as described by Laemmli (1970), using 15%
(37.5:1) polyacrylamide gel (Mini Protean cell, 1.0 mm, 1658001, Biorad). Band sizes were determined with a protein
marker (A8889, AppliChem). After electrophoresis, gel
was fixed (5:1:4 methanol:acetic acid:distilled water) for 3
h, stained with 1% Coomassie R-250 (A1092, AppliChem)
in 5:1:4 methanol:acetic acid:distilled water overnight, and
destained (5:7:88 methanol:acetic acid:distilled water) for
4 h.
2.7. Data analysis
Three gDNA samples from each group were bulked for
RAPD, ISSR, and IRAP analyses. Amplifications were
repeated twice with 2 DNA bulks (as template). Only clear
and reproducible bands were scored. Disappearance of a
normal band and appearance of a new band in comparison
to the control group indicated polymorphism (Liu et al.,
2005). GTS values were calculated from RAPD, ISSR, and
IRAP data using the formula GTS = (1 – a/n) × 100, where
a indicates the polymorphic profiles in each sample and n
is the number of total bands in the control (Atienzar et al.,
2001; Sukumaran and Grant, 2013).
3. Results
3.1. RAPD, ISSR and IRAP profiles
All gDNA samples were adequately pure with A260/A280
and A260/A230 ratios between 1.7 and 1.9. gDNA samples
were also checked for their integrity by electrophoresis.
All samples had a band of approximately 23 kb with

slight shearing. Treatments did not cause fragmentation
of gDNA. Eight RAPD primers gave a total of 55 bands
ranging from 150 to 2000 bp, and 39 (70.9%) bands were
polymorphic (Figure 2; Table 2). Eight ISSR primers gave
a total of 37 bands ranging from 150 to 1200 bp, and 15
(40.5%) bands were polymorphic (Figure 3; Table 3).
Four IRAP primer combinations gave a total of 46 bands
ranging from 100 to 1750 bp, and only 1 (2.12%) band was
CA

A

AA

CC

C

AC

CS

S

AS

M

1000 bp
700 bp
500 bp
300 bp

Figure 2. RAPD (S7) profiles of plant samples. Polymorphic
bands are marked with arrows.
CA

A

AA

CC

C

AC CS

S

AS

M

1000 bp
700 bp
500 bp
300 bp

Figure 3. ISSR (835) profiles of plant samples. Polymorphic
bands are marked with arrows.

Table 2. Annealing temperature (Ta), total number of bands, band range (bp), number of polymorphic bands, and
minimum and maximum number of bands in groups obtained with RAPD primers. CA: Control APM; A: 8 µM APM, 2
h; AA: after APM; CC: control colchicine; C: 1.25 mM colchicine, 18 h; AC: after colchicine; CS: control synchronization;
S: 1.25 mM HU, 18 h, and 4 µM APM, 2 h; AS: after synchronization.
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Name

Ta (°C)

Total

Range (bp)

Polymorphic

Min

Max

S1

50

8

150–1400

7

2 (CA, A, AS)

7 (AC)

S5

50

8

200–700

8

3 (CA, A, AA, CC, AC, CS, S)

5 (AS)

S7

50

10

200–1500

7

3 (CA)

7 (CS, S, AS)

S9

50

5

150–800

2

3 (CA, A, AA, CC, C, AC)

5 (CS, S, AS)

S10

50

7

285–2000

6

2 (CA, A, C)

5 (CC, AC, S)

S11

50

4

200–475

1

3 (CA, A, AA, C, AC, CS, S, AS)

4 (CC)

S13

50

5

175–1000

2

3 (CA, A, S)

5 (CS)

S19

50

8

175–750

6

3 (CA, CC)

6 (AC)

TEMEL and GÖZÜKIRMIZI / Turk J Biol
Table 3. Annealing temperature (Ta), total number of bands, band range (bp), number of polymorphic bands, and
minimum and maximum number of bands in groups obtained with ISSR primers. CA: Control APM; A: 8 µM APM, 2
h; AA: after APM; CC: control colchicine; C: 1.25 mM colchicine, 18 h; AC: after colchicine; CS: control synchronization;
S: 1.25 mM HU, 18 h, and 4 µM, APM, 2 h; AS: after synchronization.
Name

Ta (°C)

Total

Range (bp)

Polymorphic

Min

Max

809

52

4

225–400

1

3 (AC, CS)

4 (CA, A, AA, CC, C, S, AS)

810

52

3

400–500

2

1 (CA)

2 (A, AA, CC, C, AC, CS, S, AS)

811

52

3

240–325

0

3

3

826

52

4

350–950

0

4

4

827

52

6

200–700

0

6

6

835

52

9

200–1200

8

1 (A)

7 (CA, AS)

841

52

6

150–400

4

4 (A, C)

5 (CA, AA, CC, AC, CS, S, AS)

881

52

2

500–750

0

2

2

polymorphic (Figure 4; Table 4). In total, 138 bands were
amplified with 20 primer pairs and 55 (39.8%) bands were
polymorphic.
3.2. Polypeptide profiles
Protein samples were resolved by SDS-PAGE. COL and
CCS treatments did not alter polypeptide profiles, but
APM treatment caused a few changes. Three polypeptides
CA

A

AA

CC

C

AC

CS

S

AS

M

1200 bp
1000 bp
700 bp

500 bp

Figure 4. IRAP (Suk × Nik) profiles of plant samples. Polymorphic
bands are marked with arrows.

appeared during APM treatment and disappeared after
the removal of APM. One polypeptide appeared after the
removal of APM (Figure 5).
3.3 Genomic template stability
GTS values (Table 5) of each group were calculated for
either each marker type (RAPD, ISSR, and IRAP) or for
all DNA bands (total). RAPD and IRAP gave the lowest
(58.3%) and the highest (98%) GTS values, respectively.
AA (78.5%) and AS (78.7%) had the lowest GTS values,
while C (83%) and AC (83.9%) had the highest GTS values.
4. Discussion
Genotoxic effects of APM, COL, and CCS (HU and
APM) were investigated with RAPD, ISSR, IRAP, and
SDS-PAGE. APM treatment (8 µM) altered polypeptide
patterns, while COL (1.25 mM) and CCS (1.25 mM HU
and 4 µM APM) treatments did not. GTS values were
fairly similar at the end of the treatments. However, GTS
values of the 48-h recovery groups of APM and CCS

Table 4. Annealing temperature (Ta), total number of bands, band range (bp), number of polymorphic bands, and minimum and
maximum number of bands in groups obtained with IRAP primers. CA: Control APM; A: 8 µM APM, 2 h; AA: after APM; CC: control
colchicine; C: 1.25 mM colchicine, 18 h; AC: after colchicine; CS: control synchronization; S: 1.25 mM HU, 18 h, and 4 µM APM, 2 h;
AS: after synchronization.
Name

Ta (°C)

Total

Range (bp)

Polymorphic

Min

Max

5’LTR2 × 6149

58

13

290–1750

0

13

13

6150 × Suk

60

9

100–550

0

9

9

6150 × Nik

60

16

175–1600

1

15 (C)

16 (CA, A, AA, CC, AC, CS, S, AS)

Suk × Nik

60

8

500–1500

3

5 (CA, A, AA, CC, C)

8 (AC, CS, S, AS)
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CA

A

AA

CC

C

AC

CS

S

AS

75 kDa
63 kDa
48 kDa
35 kDa

Figure 5. SDS-PAGE profiles of plant samples. Polymorphic bands are marked with
arrows.
Table 5. GTS values (%) of treatment and posttreatment groups
compared to their control groups and based on DNA-based
markers (RAPD, ISSR, IRAP). CA: Control APM; A: 8 µM APM, 2
h; AA: after APM; CC: control colchicine; C: 1.25 mM colchicine,
18 h; AC: after colchicine; CS: control synchronization; S: 1.25
mM HU, 18 h, and 4 µM APM, 2 h; AS: after synchronization.
RAPD

ISSR

IRAP

Mean

A

73.9

68.7

100

83.6

AA

30.4

84.3

100

78.5

C

55.8

93.1

97.6

83

AC

79.4

79.3

90.6

83.9

S

59.4

83.3

100

82.3

AS

51.3

80

100

78.7

Mean

58.3

81.4

98

--

were lower than those of the controls. GTS is a method
of qualitative measurement of genotoxic effects (Liu et al.,
2005; Erturk et al., 2012). Therefore, it may be postulated
that APM is slightly more genotoxic than COL, yet HU
had little impact on the genotoxicity of APM. Moreover,
we may hypothesize that the genotoxic effects of APM
could not be eliminated by the removal of APM. COL is an
aneugen (Attia et al., 2003) and COL-induced mutations
and morphological alterations may occur independently
of doubling (Hague and Jones, 1987; Rauf et al., 2006). In
vitro COL treatment caused variations in RAPD profiles
(Rauf et al., 2006; Khosravi et al., 2009). Despite its 72-h
IC50 of 3.5 µM against Plasmodium falciparum, APM did
not display an inhibitory effect on a mammalian cell line
at concentrations of up to 64 µM and therefore might have
potential as an antimalarial drug (Fennell et al., 2006). APM
treatment causes micronucleus formation (Verhoeven
et al., 1990) and a blocking of somatic embryogenesis
(Binarova and Dolezel, 1993), although recovery from
APM treatment occurs shortly after removal of APM
(Falconer and Seagull, 1987). A treatment of 2–3 days with
5–10 µM APM did not inhibit callus growth, nor did it
inhibit the regeneration capacity of maize callus cultures
(Wan et al., 1991). It was suggested that APM, being less
toxic than other antimitotic agents such as COL, may have
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the best potential for in vitro chromosome diploidization
(Grzebelus and Adamus, 2004). HU is effective for the
treatment of sickle cell anemia, but there are contradictory
reports about its cytotoxicity and genotoxicity (Khayat et
al., 2006; Santos et al., 2011).
Because of its low annealing temperature used with short
primers, RAPD has been criticized and its reproducibility
has been questioned. Therefore, it was optimized to generate
high-quality genomic DNA profiles (Atienzar and Jha, 2006).
RAPD is still being used for the detection of mutation (Yunus
et al., 2013). However, it was emphasized that RAPD data
should be considered as preliminary due to their random
nature until they are documented by cloning, sequencing,
and probing techniques (de Wolf et al., 2004). For this
purpose, 2 additional marker techniques (ISSR and IRAP)
were also employed in the present study. ISSR is a simple,
quick, and efficient technique with high reproducibility
(Reddy et al., 2002) and is used for the assessment of genetic
diversity (Izzatullayeva et al., 2014), for genotoxicity assays,
and for the calculation of GTS values (Sukumaran and Grant,
2013). IRAP, one of several molecular marker methods
based on retrotransposons, has been widely used in genetic
diversity studies (Marakli et al., 2012; Schulman et al., 2012),
but it has limited use in genotoxicology studies (HamatMecbur et al., 2014). To our knowledge, this is the first use of
IRAP for calculation of GTS. In our study, RAPD and IRAP
gave the highest and the lowest polymorphism percentages,
respectively. Mean GTS values of RAPD and IRAP were the
lowest and the highest, respectively. Interestingly, the lowest
GTS values of IRAP were detected in C and AC groups,
while the other groups had GTS values of 100%. Therefore,
it may be hypothesized that only COL treatment affected
retrotransposon movements. Heavy metals, such as mercury
and cobalt, were recently reported to induce LINE-1 activity
in certain human cell lines (Habibi et al., 2013). Control
groups of different treatments presented different banding
patterns. Changes in DNA samples of germinating seeds
were reported (Portis et al., 2004; Marakli et al., 2012). These
changes may originate from DNA methylation or activation
of retroelements.
The genotoxic effects of APM, a microtubule inhibitor
and a potent antimalarial agent, were analyzed by molecular
markers for the first time. APM is more genotoxic than COL

TEMEL and GÖZÜKIRMIZI / Turk J Biol

in barley and the genotoxic effects of APM last longer than
those of COL. HU treatment for CCS did not aggravate the
genotoxicity of APM. APM induced changes in polypeptide
profiles, which reverted after the removal of APM. COL
induced retrotransposition.
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